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ABSTRACT Microorganisms play an important role in
the biogeochemistry of the ocean surface layer, but spatial and
temporal structures in the distributions of specific bacterio-
plankton species are largely unexplored, with the exceptions
of those organisms that can be detected by either autofluo-
rescence or culture methods. The use ofrRNA genes as genetic
markers provides a tool by which patterns in the growth,
distribution, and activity of abundant bacterioplankton spe-
cies can be studied regardless of the ease with which they can
be cultured. Here we report an unusual cluster of related 16S
rRNA genes (SAR202, SAR263, SAR279, SAR287, SAR293,
SAR307) cloned from seawater collected at 250 m in the
Sargasso Sea in August 1991, when the water column was
highly stratified and the deep chlorophyll maximum was
located at a depth of 120 m. Phylogenetic analysis and an
unusual 15-bp deletion confirmed that the genes were related
to the Green Non-Sulfur phylum of the domain Bacteria. This
is the first evidence that representatives of this phylum occur
in the open ocean. Oligonucleotide probes were used to
examine the distribution ofthe SAR202 gene cluster in vertical
profiles (0-250 m) from the Atlantic and Pacific Oceans, and
in discrete (monthly) time series (0 and 200 m) over 30
consecutive months in the Western Sargasso Sea. The data
provide robust statistical support for the conclusion that the
SAR202 gene cluster is proportionately most abundant at the
lower boundary of the deep chlorophyll maximum (P = 2.33 x
10-5). These results suggest that previously unsuspected strat-
ification of microbial populations may be a significant factor
in the ecology of the ocean surface layer.

The ocean surface layer, defined as the region between the
surface and the deepest annual extent of wind-driven mixing
(ca. 0-250 m), plays a remarkably important role in oceanic
biogeochemistry. In temperate oceans, this region is typically
characterized by significant gradients in density, light field,
temperature, and the concentration of reduced compounds of
nitrogen. Furthermore, the photic zone spans the upper region
of the surface layer, whereas in the lower surface layer, the flux
of sinking particulate organic carbon declines rapidly due to
organic carbon remineralization by microbial respiration (1, 2).
A recent study of the North Pacific subtropical gyre linked
variations in the efficiency of carbon remineralization in the
surface layer to long-term changes in upper-ocean mixing
brought about by the 1991-1992 El Nifio Southern Oscillation
event, thereby suggesting that physical stratification of the
surface layer might be a factor in the global carbon cycle (3).
Although it is recognized that bacterioplankton play a key role
in the carbon cycle, little is known about the vertical organi-
zation of bacterioplankton communities in the surface layer,
with the exception of a few cyanobacterial species (2, 4, 5).

Molecular biology provides new information on bacterio-
plankton microbial ecology by targeting those species that are

difficult to cultivate. Generally, the strategy has been to clone
rRNA genes from environmental samples and, thereby, to
substitute gene diversity for microbial diversity (6-9). Al-
though the biases inherent in these methods are not completely
understood, the results have been striking. The various studies
embracing this strategy have reached a similar conclusion-
that previously undescribed organisms provide the most abun-
dant 16S rRNA lineages recovered from natural ecosystems by
gene cloning. In addition to revealing new organisms, rRNA
sequencing studies provide data for the design of oligonucle-
otide probes, which can be used to examine the distributions
and growth state of specific species in environmental samples
(10-13).

16S rDNAs previously isolated from natural bacterioplank-
ton samples are diverse but predominantly fall into several
distinct phylogenetic groups, many of which have been recov-
ered repeatedly from different oceans (14, 15). A majority of
the gene clones recovered belong to the cyanobacteria and
proteobacteria phyla, although Gram-positive bacteria, fla-
vobacteria, species related to Fibrobacter, and archaeal genes
have also been found. Most samples studied have come from
the surface of subtropical regions of the ocean, although
samples from 100 m, 500 m, and marine snow have also been
examined (16-18).
We obtained the gene clones described in this study from

samples collected at the Bermuda Atlantic Time-Series Study
site (BATS), which is located in an unusually oligotrophic
region of the subtropical Atlantic Ocean (19). The water depth
at BATS is about 4000 m. Throughout most of the year, the
surface layer at BATS is physically stratified due to variations
in salinity and temperature. Stratification increases in the
spring and summer due to seasonal changes in day length and
a decrease in wind-driven mixing.
We first observed the unusual bacterial genes described in

this report by random sequencing of 16S rRNA clones ob-
tained from 250 m in the Sargasso Sea. The sample was part
of a series collected in August 1991 from depths between the
surface and 250 m. At that time, the water column was highly
stratified and the deep chlorophyll maximum (DCM) was
located at 120 m. The construction of this clone library was
motivated by probe hybridization experiments which suggested
that many gene lineages cloned previously from surface sam-
ples were rare in the lower region of the surface layer. This
suggested that microbial communities in the water column at
BATS are stratified and that a unique community of organisms
might occur in the lower surface layer.
The gene sequences we describe in this paper are related to

the Green Non-Sulfur (GNS) phylum, which is one of the 11

Abbreviations: BATS, Bermuda Atlantic Time-Series Study site;
DCM, deep chlorophyll maximum; HMW, high molecular weight;
GNS, Green Non-Sulfur.
Data deposition: The sequences reported in this paper have been
deposited in the GenBank data base [accession nos. U20797
(SAR202), U21682 (SAR263), and U20798 (SAR307)].
*To whom reprint requests should be addressed. e-mail: giovanns@
bcc.orst.edu.
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bacterial phyla originally described by Woese and colleagues
based on 16S rRNA sequence comparisons (20). This phylum
includes only four genera that have been cultivated, Chlo-
roflexus, Heliothrix, Herpetosiphon, and Thermomicrobium. All
four of these genera contain at least some thermophilic
species. Chloroflexus and Heliothrix are phototrophic or che-
moorganotrophic. Herpetosiphon and Thermomicrobium are
respiratory chemoorganotrophs. This phylum occupies a par-
ticularly significant position in the phylogeny of bacteria
because it appears to have diverged before the main radiation
of bacteria, which includes 9 of the 11 phyla first described by
Woese (21). Only three genera, Thermotoga, Geotoga, and
Aquifex, consistently diverge earlier in phylogenetic trees (10).

METHODS
Sampling. Niskin bottles attached to a CTD (conductivity,

temperature, depth) rosette were used to collect water samples
from the BATS (310 50' N, 640 10' W) and a site in the Pacific
Ocean located ca. 70 km from the Oregon coast (46° 45' N,
1260 2' W). A CTD is a device that automatically records
chemical and physical data as it is lowered by cable into water.
In this case, a Sea-Bird CTD was used to measure continuous
profiles of temperature and fluorescence. Cells were collected
from seawater samples on 0.2-,um polysulfone filters (Supor-
200; Gelman). Water (12-24 liters) was filtered from each
depth on four 47-mm filters at 7 psi vacuum. The nominal
depths sampled were 0, 40, 80, 120, 160, 200, and 250 m. The
filters were then placed in heat-sealing plastic bags with 5 ml
of lysis buffer (20 mM EDTA/400 mM NaCl/0.75 M su-
crose/50 mM Tris-HCl, pH 9.0) and stored at -20°C or in
liquid N2 for later processing on shore.

Nucleic Acid Extraction. Total cellular nucleic acids were
extracted from the filters using a combination of procedures
optimized for small sample sizes. To lyse cells, the samples
were thawed on ice, SDS was added to 1%, and proteinase K
was added to 100 ,ug/ml. The bags were resealed, and samples
were incubated in an HB-1 hybridization oven (Techne, Cam-
bridge, U.K.) at 37°C for 30 min, then 55°C for 10 min. Lysate
was transferred to polypropylene centrifuge tubes, extracted
with an equal volume of phenol/chloroform/isoamyl alcohol
(25:24:1), and extracted again with an equal volume of chlo-
roform/isoamyl alcohol (24:1). The purified nucleic acids were
then precipitated with 2 volumes 100% ethanol and 0.1 volume
2.0 M sodium acetate, pH 5.2, and resuspended in aqueous
solution. High molecular weight (HMW) RNA and DNA were
fractionated by isopycnic centrifugation in cesium trifluoro-
acetate (1.6 g/cm3). Samples were centrifuged in a 1.4-ml
volume for 48 hr, at 40,000 rpm, 15°C in a TLS-55 rotor
(Beckman). After centrifugation, DNA was precipitated from
the upper 1.3 ml, and RNAwas precipitated from the lower 0.1
ml, by the addition of equal volumes of isopropanol. Nucleic
acids were then resuspended in 10mM Tris/1 mM EDTA (TE)
buffer and precipitated with 0.1 volume 2.0 M sodium acetate,
pH 5.2, and 2 volumes 100% ethanol. DNA was resuspended
in TE buffer, and RNA was resuspended in TE/0.5% glutar-
aldehyde.
Gene Cloning, Sequencing, and Phylogenetic Analyses. Pro-

karyotic 16S rRNA genes were amplified from environmental
DNA for cloning by PCR with Taq polymerase (Promega) and
bacterial 16S rDNA primers (27F, AGAGTTTGATCMTG-
GCTCAG; 1518R, AAGGAGGTGATCCANCCRCA). The
reaction volume of 100 ,ul contained 10 ng of template, 5%
acetamide, each primer at 200 nM, 1.5 mM MgCl2, 200 ,uM
nucleotide triphosphates (total), Taq buffer, and 2.5 units Taq
DNA polymerase. Amplifications were performed in a ther-
mocycler (MJ Research, Cambridge, MA) using the following
conditions: 30 cycles, annealing for 1 min at 50°C, elongation
at 72°C for 3 min, and denaturation at 96°C for 1 min. A single
product band of the predicted length was observed after

agarose gel electrophoresis. The clone library was constructed
by ligation of the amplification products into the plasmid
vector pCRII (Invitrogen), following the manufacturer's in-
structions. Double-stranded plasmid DNA sequencing was
performed using dye-terminator chemistry and an Applied
Biosystems 373A automated sequencer, except in the case of
clone SAR202. This clone was sequenced both by conventional
Sanger dideoxy-terminated sequencing with Sequenase (Unit-
ed States Biochemical) and a-35S-labeled dATP and the
automated sequencing method (22). All sequences were de-
termined bidirectionally. Sequence analysis was performed
using the programs GDE, supplied by Steve Smith (Millipore,
Bedford, MA), and GRNAID, supplied by Shannon Whitmore
(Mentor Graphics, Wilsonville, OR). Phylogenetic analyses
were restricted to regions of unambiguous nucleotide align-
ment. All sequences were submitted to the Ribosomal RNA
Database Project program CHECK_CHIMERA to detect chimeric
artifacts (23). Phylogenetic relationships were inferred by the
neighbor-joining method using the Phylogeny Inference Pack-
age (PHYLIP) version 3.4 (24). Phylogenetic trees were edited
using the program TREETOOL provided by Mike Maciukenas
(University of Illinois, Urbana, IL).
Accession Numbers. For the accession numbers of the

nucleotide sequences filed in GenBank, see the data deposi-
tion footnote. In cases where the sequences of two clones were
identical (see Fig. 3), only one was submitted to GenBank.
DNA Vertical Profiles. The 1492R (GGTTACCTTGT-

TACGACTT) and 27F primers were used to amplify bacterial
rDNAs for dot blots. Reaction conditions were as given above
with the following changes: 35 cycles, annealing for 1 min at
55°C, elongation at 72°C for 3 min, and denaturation at 94°C
for 1 min. Amplicons were purified with a Qiaquick-spin PCR
purification kit (Qiagen, Chatsworth, CA).
PCR products were resuspended in 180 ,l of TE buffer.

Products were denatured by the addition of 20 gl of 2.0 M
NaOH and incubated 10 min at room temperature before
blotting on Zetaprobe nylon membrane (Bio-Rad). Each well
was washed with 200 gl of 2x standard saline phosphate/
EDTA (SSPE; lx SSPE: 0.18 M NaCl/10 mM NaPO4, pH
7.2/1 mM EDTA) to neutralize NaOH. The amounts of
amplified DNA blotted were 100 ng per well from natural
populations and 30 ng per well for controls. DNA concentra-
tions were determined by optical absorbance at 260 nm.
Membranes were dried under vacuum at 70-80°C for 15 min,
exposed to 120 mJ/m2 of 260 nm UV radiation, and stored
desiccated before probing. Results were expressed as the
percent of amplicons according to the following equation:

[(Pc/ (P'c) 0

where Ox is the percentage of SAR202B genes in the mixture
of amplicons, Px is the hybridization of the SAR202B probe to
the environmental amplicons (representing all bacterial 16S
rRNA genes in the community), Pc is the hybridization of the
338R probe to environmental amplicons, and the primed
variables are values for hybridizations to a homogenous prep-
aration of amplicons of the SAR202 gene.
RNA Vertical Profiles. RNA concentrations were deter-

mined by optical absorbance at 260 nm. Portions (100, 50, 20,
and 10 ng) of each RNA sample were resuspended in TE/0.5%
glutaradehyde, heated to 37°C for 2 min, and blotted using a
dot blot manifold (Minifold I SRC 096/90; Schleicher &
Schuell) onto Zetaprobe nylon membrane. RNA was
crosslinked to filters byUV irradiation as described above. The
hybridization values for HMW RNA (see Figs. 4 and 5) are
expressed in relative units, as the ratio of specific probe
hybridization to bacterial 338R probe hybridization.
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Oligonucleotide Probes. Two oligonucleotide probes were
designed to complement the 16S rRNA of SAR202 and related
species. Probe SAR202AR (AAGACGCGAGCCGCTCCT-
CCG) was originally designed from the SAR202 gene sequence
alone; it corresponds to positions 222-242 of the Escherichia
coli 16S rRNA, was used at low hybridization stringency to
identify further clones of the same type in the library, and
mismatches the SAR307 gene, which was discovered later by
random sequencing, at two positions. SAR202BR (AGGGT-
GTGTTACTCACGC) corresponds to E. coli positions 122-
138 and matches the sequences of both SAR202 and SAR307.
These sites were chosen as targets for probes because they are
only moderately variable in prokaryotes. A probe (SAR6R)
was also designed to hybridize to Prochlorococcus (TCCTC-
AAGTACCGTCATA). It corresponds to E. coli positions
467-495. Hybridization stringencies for all probes were deter-
mined empirically by washing replicate blots at different
temperatures.
T4 polynucleotide kinase was used to label the 5' terminus

of each of the oligonucleotide probes (25). An oligonucleotide
that is specific for the domain Bacteria (338R, GCTGCCTC-
CCGTAGGAGT) was used to evaluate the amounts of bac-
terial rDNA on blots.

Blots were prehybridized in 15 ml Z-hyb buffer (1 mM
EDTA/0.5 M NaH2PO4, pH 7.2/7% SDS) for 10-30 min at
room temperature, the prehybridization buffer was decanted,
and 6 ml of fresh Z-hyb buffer containing 20-50 ng of
oligonucleotide was added. Blots were hybridized at 30°C for
5 hr to overnight and were washed three times for 15 min at
room temperature and one time for 15 min at the stringency
temperature in 25 ml of 0.2x SSPE/0.1% SDS. Stringent wash
conditions were 37°C for the SAR202AR probe and 45°C for
both the 338R probe and the SAR6R probe. The SAR202BR
probe was washed with 2.0X SSPE/0.1% SDS at a stringency
temperature of 40°C.
Washed blots were exposed to Phosphorlmager plates and

detected using a Molecular Dynamics Phosphorlmager sI and
IMAGEQUANT software.

RESULTS AND CONCLUSIONS
The unique phylogenetic position of the SAR202 gene cluster
was first noticed as a result of random sequencing of a library
of 142 clones. The clone library was constructed specifically to
search for evidence of novel microorganisms that might occur
below the euphotic zone. Eventually, two clones belonging to
this gene cluster were sequenced completely (SAR202 and
SAR307), and three more (SAR279, SAR293, and SAR263)
were sequenced in the domain corresponding to E. coli posi-
tions 936-1346. All of the genes were related, and collectively
constituted a new, deep branching lineage of the GNS phylum.
A phylogenetic analysis of clones SAR202 and SAR307 is

presented in Fig. 1. The topology shown was determined by the
neighbor-joining method. Analyses using Wagner parsimony,
as well as the maximum likelihood method, yielded the same
phylogenetic position for SAR202 and SAR307. In every case,
the clones formed a monophyletic lineage with other members
of the GNS phylum. This relationship was supported by 88%
of bootstrap replicates with Wagner parsimony and 97% of
bootstrap replicates of neighbor-joining trees (Fig. 1). The
inclusion of SAR202 and SAR307 did not affect the position
of the GNS phylum with respect to other bacterial phyla,
reinforcing the original phylogenetic position determined for
this phylum (20).
A secondary structural model for the SAR202 gene product

was used to examine the sequence for unusual base pairing in
conserved helices (Fig. 2). The model confirmed that the
predicted gene product could be folded into a consensus
secondary structure that matched the major conserved fea-
tures of bacterial 16S rRNAs.

02-
07 GREEN
momicrobium roseum NON-SULFUR
lloroflexus aurantiacus BACTERIA
-Herpetosiphon aurantia

0.10

FIG. 1. Phylogenetic tree showing relationships of SAR202 and
SAR307 to representative bacterial 16S rRNA genes. The tree was
inferred from nearly complete sequences by the neighbor-joining
method. The numbers of bootstrap replicates that supported the
branching order, from a total of 100 replicates, are shown above
(neighbor joining) and below (Wagner parsimony) the internal seg-
ments. Values below 50% are not shown. Gene sequences from
Haloferax volcani and Methanococcus voltae were used to determine
the root of the tree. The scale bar indicates substitutions per nucleotide
position.

The phylogenetic position of the SAR202 gene lineage was
confirmed by an analysis of signature sequences. Signature
sequences are characteristic nucleotides found at specific
positions only in a phylogenetically related group of genes. The
numbers cited below refer to the positions of nucleotides in the
E. coli 16S rRNA, which we use here as a frame of reference.
Two very unusual secondary structure signatures of the GNS
phylum, a deletion of 15 bases between positions 1123 and 1147
and a loop structure between positions 607 and 630 (Fig. 2), are
both present in the SAR202 lineage (20). Woese (21) also
described five diagnostic base substitutions that defined the
GNS phylum. Three of these, a G residue at position 53, an A
residue at position 906, and a G residue at position 1410, are
found in the SAR202 gene. Two GNS signatures described by
Woese, G residues at positions 1202 and 1224, were instead U
residues in SAR202, which are the consensus nucleotides for
the Bacteria domain at these positions. This deviation from the
signatures described by Woese is consistent with the phyloge-
netic position of SAR202, which branches much earlier than
other members of the phylum. Hence, the G residues at
positions 1202 and 1224 should be regarded as derived traits
rather than those inherited from the common ancestor of the
phylum.

Initially, a single oligonucleotide probe, SAR202AR, was
designed to selectively hybridize to clone SAR202. It was used
at low hybridization stringency to screen the 250-m clone
library for further clones related to SAR202. Ten clones
hybridized to the SAR202AR probe. Four of these clones were
partially sequenced and identified as members of the same
gene cluster. SAR307, also a member of the SAR202 cluster
by phylogenetic criteria, was encountered by random sequenc-
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FIG. 2. Secondary structural model of SAR202 16S rRNA. Arrows
indicate signature nucleotides of the GNS phylum. The boxed areas
indicate unusual secondary structural features that are unique to
members of the GNS phylum. (A) Loop structure at E. coli positions
607-630. (B) The 15 base pair deletion in the region of positions
1123-1147.

ing. It mismatched the first probe, SAR202AR, at two posi-
tions. Therefore, a second probe (SAR202BR), which matched
the sequences of both clones SAR202 and SAR307, was
synthesized and used in further hybridization experiments with
environmental nucleic acids. The specificity of both the
SAR202AR and SAR202BR probes was evaluated empirically
using blotted arrays of rDNAs from cultured and uncultured
bacterioplankton. No examples of crosshybridization to unre-
lated genes were encountered (data not shown). The program
CHECK PROBE was used to compare the probes to the files of
the Ribosomal RNA Database Project, which represent over
2000 prokaryotic species. No 16S rRNA sequences with three
or fewer mismatches to the SAR202 probes were found.
The sequencing of additional genes provided evidence that

the SAR202 gene cluster is highly diverse. A region of about
400 bases in length between E. coli positions 936 and 1346 was
chosen for sequencing because it included the unusual deletion
between residues 1123 and 1147, which was present in all of the
sequenced genes. A phylogenetic tree based on partial se-
quences is shown in Fig. 3. Two sets of genes were identical, but
collectively, the six sequenced genes encompassed substantial
variation. The program CHECK CHIMERA was used to examine
the possibility that the genes discussed in this study might be
artifacts of in vitro recombination events. CHECK_CHIMERA
revealed no evidence of multiple evolutionary origins for the
genes. As with other gene clusters that have been described
previously, it is likely that the data we present underestimate
the actual genetic diversity of the group.

Herein, we use the term cluster to refer to a monophyletic
set of novel genes that are more similar to each other than to

SAR263/287

SAR279/293/307

LSAR202

Escherichia coli
0.10

FIG. 3. Phylogenetic tree showing relationships among six rDNA
clones that hybridized to the SAR202R probe. The tree was inferred
by the maximum likelihood method from 395 nucleotide positions. The
root of the tree was determined using the E. coli 16S rDNA gene. The
scale bar indicates substitutions per nucleotide position.

any rRNA gene from a known organism. When multiple rDNA
genes are sequenced from natural systems, such sets of closely
related genes are often encountered. The potential explana-
tions for this phenomenon are fourfold. (i) The sequence
variation is artifactual, (ii) the variation is due to paralogous
evolution within a gene family, (iii) sequence divergence has
occurred within large populations that are in essence one
"species," or (iv) the different genes correspond to related
lineages of microbes each having a unique relationship to the
environment. Although this phenomenon is not yet well un-
derstood, a close examination of data such as compensatory
base changes across helices has made it clear that artifacts do
not explain most of this variation, although they may account
for some small fraction of it (26). Such artifacts might result
from chimeric genes, sequencing errors, and errors resulting
from the misincorporation of bases by polymerase (27). Fur-
thermore, it is known that the cultivable taxa of marine
Synechococcus Group A and Prochlorococcus marinus are
phenotypically and ecologically unique but are related by
sequence similarities greater than 0.95 (28). The term "phy-
lotype" also conveniently lumps together related environmen-
tal 16S rRNA sequences for the purpose of discussion (8).
The distribution of the SAR202 gene cluster in the water

column of the Atlantic and Pacific Oceans was investigated
using probes SAR202AR and SAR202BR (Fig. 4). Both
probes yielded similar results; however, the hybridization
experiments performed with the SAR202AR probe were
performed at low stringency and are not presented here. In
these experiments, DNA samples from seven depths between
the surface and 250 m were amplified with primers for the
domain Bacteria. The resulting products were hybridized
sequentially to three probes: the two SAR202 probes and the
338R probe, which is specific for the domain Bacteria. In both
oceans, the distribution of the SAR202 gene cluster reached a
distinct maximum at the lower boundary of the chlorophyll
maximum. The depths of the DCM were quite different for the
two profiles. In the more oligotrophic Atlantic samples, the
DCM was located at 125 m, whereas in Pacific samples, which
were collected over the continental slope, the DCM was
located at 55 m. The results indicated that bacteria containing
the SAR202 gene cluster are potentially significant members
of open ocean bacterioplankton communities and further
suggested that they are adapted to growth in a discrete zone of
the water column.
The phylogenetic group encompassed by the SAR202B

probe accounted for about 2.5% of amplicons at the maximum
values in vertical profiles. Both the distribution of genes in the
clone library from 250 m and the distribution of SAR202 genes
in mixtures of amplicons prepared from vertical profiles (Fig.
4) depend on the relative efficiencies of gene amplification
during the PCR. Although the fidelity of PCR has been the
subject of quantitative studies that addressed the amplification
of mixtures of 16S rRNA genes, the potential for biases
introduced in such experiments by PCR is not well understood

Proc. NatL Acad. Sci. USA 93 (1996)
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FIG. 4. The distribution of the SAR202 cluster in HMW RNA and 16S rRNA amplicons prepared from plankton samples. Hybridization to
HMW RNA is expressed in relative units; hybridization to 16S rDNA amplicons is expressed in absolute units as percent. The SAR202BR probe
was used in these experiments, but the SAR202AR probe gave similar results. (A) Samples collected from the upper 250 m at BATS during a

stratified period in August 1991. The means and standard deviations are shown for triplicate PCR reactions from a single nucleic acid sample (0).
(B) Plankton samples collected in October 1993 at a station located on the continental shelf (ca. 800-m water depth) off the Oregon coast. The
values for a single hybridization to rDNA amplicons (v) and values for hybridization to HMW rRNA from the same sample (-) both indicated
that the peak in the SAR202 distribution was located beneath the DCM. Temperature (shaded lines) and chlorophyll a fluorescence (dark lines)
are also shown. There was no DNA sample from 200 m for the blot from the Oregon coast.

(29). Other biases could be introduced by the selective recov-

ery of DNA during sampling or the selection of specific
template genes due to variations in the structure of hybrid-
ization sites. The PCR primer sites used in this study are nearly
universally conserved within the Bacteria domain. Thus, major
biases due to sequence variation at the target site would not be
predicted from the available data, although much remains
unknown about microbial diversity.
To provide further support for a stratified location of

SAR202 in the water column, probe SAR202BR was hybrid-
ized to 10 vertical profiles ofRNA from BATS (0-250 m) and
30 consecutive monthly RNA time-series samples from 0 and
200 m. The high, low, and average for the vertical profiles is
shown in Fig. 5, along with similar data for Prochlorococcus
from the same HMW RNA blot. The Prochlorococcus hybrid-
ization data demonstrate a vertical distribution for these
organisms that is very similar to that obtained independently
by flow cytometry (30). We show it to demonstrate that
hybridization results are consistent with other types of data
and also to put the peak in the SAR202 distribution in
perspective; prochlorophytes are obligate phototrophs and are
most abundant in the lower region of the euphotic zone.

Hybridization values for the SAR202 probes were highest in
the lower region of the mixed layer and appeared to decline in
samples collected below 200 m. Moreover, strong support for
the hypothesis that SAR202 was more abundant at 200 m than
at 0mwas provided by hybridization to the 30 consecutive time
series samples. A one-tailed t test assuming unequal variances
indicated that the SAR202 cluster was 2.5 times more abun-
dant at 200 m than at 0 m (P = 2.33 x 10-5). The cellular
abundance of bacterioplankton, as measured by direct count-
ing methods, varies with depth and sample, and averages ca.
20% less at 200 m than 0 m at BATS. As with other uncultured
species, the absolute abundance of SAR202 cannot be accu-

rately estimated from the hybridization of oligonucleotides to
RNA because no pure SAR202 RNA is available for the
standardization of hybridization results.

In addition to their significance for oceanic ecology, the
organisms detected in this study also add new information to
the debate over the possibility that the earliest bacteria were

thermophiles. Experimental support for a thermophilic origin
of life mainly comes from phylogenetic studies of 16S rRNA
genes (31). In particular, these arguments focus on taxa that
have evolutionary origins close to the node connecting the
three domains of life. Gogarten and colleagues (32) and Iwabe
and colleagues (33) established the approximate location of
the root of the universal tree using duplicated genes. Although
the exact position of the root is unknown, it is presumed to be
in the vicinity of the trifurcation. The 16S rDNA clones we
have found in the Sargasso Sea cannot be from thermophilic
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FIG. 5. Average and range of SAR202BR hybridization to pico-
plankton HMW RNA from 10 depth profiles collected between
August 1991 and July 1993 in the Western Sargasso Sea (m). Also
shown, for reference, is the distribution of Prochlorococcus, as mea-
sured by hybridization of the Prochlorococcus probe to the same HMW
RNA blots (-). Flow cytometry has shown that the abundance of
Prochlorococcus sp. in the Sargasso Sea is greatest in the vicinity of the
DCM, as confirmed here by probe hybridization.
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organisms since no thermophilic habitats are reasonably
nearby. Instead, it seems that SAR202, the earliest branch of
the GNS phylum yet found, represents a mesophilic organism.
This implies that the common ancestor of this phylum may not
have been a thermophile. It is interesting to note that the group
I marine Crenarchaeotes, which were also discovered by the
sequencing of 16S rRNA genes from seawater, provide evi-
dence that raises questions about a thermophilic origin for the
domain Archaea (16, 17).
Determining the biogeochemical roles of novel, uncultured

bacterioplankton species such as the SAR202 group is a
challenging task. One avenue for addressing such questions is
the collection of ecological data, such as those shown in shown
in Figs. 4 and 5, that demonstrate that the SAR202 group is
ecologically specialized. The stratification of SAR202 in ver-
tical profiles is most likely a consequence of differential growth
and mortality of this population since no physical factors have
been noted that could account for the concentration of these
cells at these depths. The lower surface layer, where the highest
abundance of the SAR202 group was encountered, is oxic. For
the 10 dates sampled (Fig. 5), the oxygen concentration in the
upper 250 m at BATS varied between 195 ,uM and 234 ,uM. It
seems unlikely to us that this variation in oxygen concentra-
tions would influence microbial metabolism significantly. The
phylogenetic relationships of the SAR202 group to other
members of the GNS phylum are too distant to support
conclusions about metabolic features that might be shared in
common by some or all members of the phylum. However, it
is interesting to note that, while the peak in the distribution of
the SAR202 gene cluster occurs below the photosynthetic
compensation depth for most species, sufficient light may be
available to support aerobic photo-heterotrophic metabolism
such as that found in the distantly related species Heliothrix
oregonensis (34). Presently, this possibility is neither more nor
less plausible than other credible alternatives, for example, that
the the SAR202 group are aerobic heterotrophs, similar to
Herpetosiphon. Their actual biogeochemical role in the oceans
must remain unknown pending further study.
The stratification of planktonic bacteria in ocean ecosystems

has been known previously for oxygenic bacterioplankton
(cyanobacteria and prochlorophytes), but this is the first report
showing that significant species from other phylogenetic
groups may also have stratified distributions in the surface
layer. Additional data from our laboratory indicates that 16S
rRNA genes from some other uncultured bacterioplankton
also are highly stratified (35). Thus, we argue that the findings
we present here provide support for a general model of
vertically structured bacterioplankton populations in the sur-
face layer. This model may influence perceptions of bacterio-
plankton ecology. A microbial community that is constant in
composition throughout the surface layer might behave quite
differently in response to physical mixing than a community
that is stratified, since in the former case one need only
consider changes in water chemistry to gauge the impact of
mixing events, whereas in the latter case, the impact of
redistribution on the physiological activity of the species would
become an important consideration.

Note. Additional, very diverse members of the SAR202 gene cluster
have been encountered during further random sequencing of the same
clone library described in this manuscript.
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